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ABSTRACT   
Metallic negative-nanobowtie is a new suitable structure for development of nanoantennas that can be integrated on wide 
number of optical devices. Nevertheless, metallic negative-nanobowtie with absence of gap deserve attention special, 
because in addition to present similar properties from regular nanobowtie, can also interacts with different systems, like 
gain materials. One of remarkable class of such material is rare earth ions, not only for the enhancement on measured 
intensity, but also its easiness to implement it on glasses, which constitute the main type of substrate adopted on 
plasmonic structures. In this work we performed the analysis of effects due implementation of erbium (Er
3+
) rare earth 
ions into tellurite glass over a pattern of negative-nanobowtie on absence of gap between its tips, fabricated by focused 
ion beam (FIB) technique from gold (Au) films with 240 nm thickness. Here, the negative-nanobowties are vertically 
excited by an argon laser (Ar) at 488 nm and were performed to verify the dependence of nanobowtie’s geometry over 
the electric field along its symmetry axis. An asymptotic energy gap between the localized surface plasmon polariton 
modes and the ion spectral position was observed, which couple strongly with the 
2
H11/2
4
I15/2 radiative emission of the 
Er
3+
. Besides, the 
4
S3/2→
4
I13/2 electronic transition is an indirect transition that was improve due to negative-nanobowtie 
in comparison with the 
4
I9/2→
4
I15/2. 
Keywords: Extraordinary optical transmission, tellurite glass, plasmonic, gain medium. 
INTRODUCTION 
Today is no exists more the optical diffraction limit the which allow us the realization of integrated nano-devices due 
development of the plasmonic. This is mainly due to coupling of light with the collective oscillation of electrons on the 
metal surface we allows the creation of surface plasmon-polariton (SPP) wave, enabling us the  extraordinary optical 
transmission, the guiding and confining electromagnetic energy to nanometric size scales [1,2,3]. This way, the 
confinement of electromagnetic fields in regions as small as possible is important for technological applications such as 
subwaveguides and optical sensors. Nevertheless, the performance of optical devices is limited due to the fundamental 
optics concepts. In others words, the radiative electromagnetic eigenmodes sustained by large scale dielectric structures. 
Hence, an adequate coupling between the incident light and the metal-dielectric interface create a SPP. In this context, 
we are focusing on the so-called negative-nanobowtie, consisting of a nano-aperture array in the bowties form. 
Therefore, the transmitted light through of one nano-aperture can be strong confinement due to the excitation of SPP 
improved for the array periodic [4,5]. Such periodic nano-aperture can behave like an antenna, which collects and 
couples the incident light into SPPs at a given wavelength λ, resulting in very high fields within of the nano-aperture and, 
therefore, an improved extraordinary optical transmission under the appropriate conditions [6]. This enables many 
potential applications of negative-nanbowtie as photodetector architectures where it could enhance the signal to noise 
ratio [7]. When the SPPs interferes constructively close to the nano-aperture we have a maximum transmission, then, the 
modes into the nano-aperture are essential strengthening [8], allowing an improvement of the confinement of SPPs. 
Oxide-tellurite glasses presenting large nonlinearities characteristics [9] and is one the most promising candidate for 
amplification devices has been rare-earth doped [10] with a high quantum efficiency [11] and excellent transparency in 
the visible and near-infrared region. Tellurite glasses doped with Er
3+
 ions or co-doped with other rare-earth ions have 
been widely investigated due to their emission bandwidth in the NIR with applications for optical amplification in 
telecommunications window [12,13,14]. Such an emission band originates from the 
4
I13/2→
4
I15/2 radiative transition 
centered at 1530 nm under a 980 nm laser excitation. On the other hand, Er
3+
-doped tellurite glass have one potential 
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fii,
emission band centered at 545 nm (green, 
4
S3/2→
4
I15/2 radiative transition), which can be obtained through of a direct 
emission or for upconversion emission.  Therefore, Er
3 +
 becomes one of the most widely-studied rare-earth ions and has 
been applied in the aspects of fiber-lasers in the optical telecommunication, among which there exists an already 
reported NIR emitting solid-state laser [15,16]. For these reasons, Er
3+
-doped tellurite glass can to serve as an optical 
gain medium and be used as substrate for plasmonic applications [17]. We must mention that the compensation of loss in 
SPPs by optical gain in dielectric has been demonstrated by Noginov et. al. [18]. This way, is important estimates the 
critical gain needed to compensate the metal loss in order to promote the miniaturization of plasmonic devices where the 
transmission efficiency of each nano-aperture/channel can be improvement due to multiples interactions this periodic 
negative-nanobowtie array. So there arises an essential problem: what is the ideal geometry this nanobowtie that can 
reinforce the transmission efficiency of nanoantenna cavities? 
The objective of this work is to demonstrate experimentally the quantum-plasmonic interaction from periodic negative-
nanobowtie array using as substrate a tellurite glass, and the enhancement of the intensity emission in the visible region 
of the Er
3+
 ions as function of the geometry these nanobowtie. This way, a coupling of localized surface plasmon 
polaritons (LSPP) with the Er
3+
 radiative emission in the visible region is obtained. 
SAMPLES PREPARATION AND EXPERIMENTAL SETUP 
The substrate glass composition is 74TeO2–10ZnO–10Na2O–5GeO2–1Er2O3 (mol%). All the glass samples have been 
prepared from high purity starting materials (3N and above). The Er
3+
-doped tellurite glass substrate (TEr) was prepared 
by the conventional melt-casting technique, annealed near glass transition temperature then cut and polished to optical 
quality, resulting in NEr
3+
 = 8.03 ± 0.06 1020 ions/cm3. The glass was cut in a square piece of approximately 
5.0×5.0×0.7 mm
3
. Before, a gold film with thickness of 240 nm was thermally evaporated onto Er
3+
-doped tellurite glass, 
and BK7 glass substrates. Then, a pattern of nanobowtie antennas has milled using a FEI focused ion beam QUANTA 
3D 200i (Ga
+
 ions at 30 KeV).  In order to verify the dimensions of bowties, the gallium ions’ source was calibrated 
using scanning electron microscopy as depicted on Figure 1(a). During the fabrication process of nanobowties the length 
h (Figure 1(a)), which correspond to its aperture, was defined in a range from 50 to 250 nm, with 50 nm step, the others 
parameter are fixed.  
 
 
 
  
(a) (b) (c) 
Figure 1. (a) Scanning electron microscopy image of the nanostructure array of squares milled in the 240 nm thick 
gold films deposited onto the TEr substrate. (b) Dark-field microscope image showing the transmitted light of the 
same gold negative-nanobowtie when Er3+ doped substrate was illuminated with white light. (c) Fluorescence 
image the Er3+ ions of the image (b) using a FITC dichroic filter (refl. band = 470-490 nm, trans. band 508-675 
nm). 
 
The high resolution microtransmission measurements were performed with 488 nm wavelength light beam from Argon 
(Ar) ion laser, with a power source about 60 µW applied for all samples. Light intensity transmitted by the structures was 
gathered via optical fiber and detected with a CCD array detector. Such procedure has been demonstrated to be quite 
reasonable for plasmonics structures [19,20]. Dark-field microscopy images were obtained by using an optical 
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microscope (Olympus BX53 with Darkfield dry condenser 10x NA 0.8) coupled to a digital monochrome camera 
(Olympus XM10) using a Xe lamp of 75 W, as light source. A transmission dark-field objective (Olympus UPlanSApo 
60x/1.2W NA 0.9 - NPLan) was used to focus the image of negative-nanobowtie on the glass with the Imaging Software 
cellSens. 
A series of high-resolution measurements of the emission of Er
3+
 ions through the nanostructures were realized. The 
luminescence measurement set-up consists of a 488.0 nm wavelength light beam from an Ar ion laser, with a power of 
about 60 µW, aligned to the optical axis of a microscope. The beam is focused at normal incidence onto the sample 
surface by a 60× microscope objective (with a numerical aperture of 0.9). The emission intensity from the Er
3+ 
emission 
through each nanostructure is then detected by an optical fiber bundle and detected with a Nanolog spectrofluorimeter 
from Horiba Jobin-Yvon equipped with an R928 photomultiplier tube (PMT) multi-alkali PMT ambient-cooled visible 
detector sensitive from 500 to 800 nm. The spectral slit width was 20 nm for emission signal and the acquired data were 
corrected by the instrumental factors. Light intensity was obtained by integrating the signal over the entire region of 
interest in the detector and subtracting the background originating from electronic noise. 
 
3. RESULTS AND DISCUSSIONS 
From Figure 1(b), we can obtain an idea of the intensity distribution and topography of the samples. The signal collected 
by the detector (in transmission mode the white light) is the resulting intensity of these images. In this sense, the main 
feature of the measured transmission spectra shown in Figure 1(c) is the green fluorescence from the TEr due to the Er
3+
 
ions through the nanoaperture, 
4
S3/2
4
I15/2 radiative emission of green color. This image was collected by means a FITC 
dichroic filter with reflectance band of 470-490 nm, and transmission band of 508-675 nm. The TEr and BK7 were 
vertically illuminated with a white light source (of the microscope) to observe the microtransmission of the TEr and BK7 
glass through of the objective lens, Figure 2. Where is possible identified the corresponding transitions of the Er
3+
 ions 
from the ground state to the different excited states. Six intense transitions from the ground state to excited states 
4
I15/2→( 
4
F9/2, 
4
S3/2, 
2
H11/2, 
4
F7/2 and 
4
F3/2-5/2) are attributed to the presence of  Er
3+
 ions and correspond to the bands centered at 
649, 544, 520, 488, 444 and 440 nm, respectively. 
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Figure 2. Microtransmission spectra from the TEr and BK7 substrate. The labels correspond to the Er3+ 
transitions.  
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 In order to investigate the intensity transmission of the periodic negative-nanobowtie array we carried out 
microtransmission spectra under the white light in BK7 substrate, as depicted in Figure 3(a). We can see that the spectral 
line shapes do not change by the existing subwavelength gap. Nevertheless, the intensity increases proportionally with 
the gap, similar behavior was observed in [19,21], where the transmission intensity increase with the width slits. The 
main feature of the measured transmission spectra shown in Figure 3(a) is the high asymmetry observed after 521 nm in 
comparison with the Figure 2.  
Analogous results is observed in the negative-nanobowtie with TEr substrate for the 
2
H11/2
4
I15/2 radiative emission of 
the Er
3+
 ion (Figure 3(b), green radiation). Furthermore, from Figure 3 we check the dependence of the Er
3+
 ions 
coupling on the strength of the plasmonic field, which increase with the gap from the negative-nanobowtie and 
characterized by a “new” asymptotic energy gap between the LSPP modes (create for the negative-nanobowtie) and the 
ion spectral position. This phenomenon is directly related to the existence of the new collective mode (Figure 2 (a)) that 
couple strongly with the 
2
H11/2
4
I15/2 radiative emission of the Er
3+
 in comparison with the others transitions radiative. 
This interaction type was studied theoretically by Adi Salomon et al. [22]. As the coupling strength grows with the width 
slits, i.e., the intensity this “new” mode emerges increase, which is attributed to long range ion interactions mediated by 
the plasmonic field that is proportional with h. 
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(a) (b) 
Figure 3. Microtransmission spectra the periodic negative-nanobowtie, onto the BK7 and TEr substrate; Figures 
(a) and (b), respectively. The labels in (b) correspond to the Er3+ transitions.  
 
We have undertaken a series of measurements of the optical emission through the negative-nanobowtie periodic, the 
results of which are shown in Figure 4. We expect a complex near/far-field pattern due the interference of the incident 
and re-emitted light resulting in a given rise to either strong enhancement (constructive interference) or strong 
suppression (destructive interference) of the electromagnetic field, Figure 4. Nevertheless, we should emphasize that the 
coupling of the resonances results from radiative modes produced by LSPR. The periodic negative-nanobowtie was 
illuminated by the incident λexc (=488 nm) with intensity I0 and re-illuminated by light coming from the others 
nanobowtie array via SPPs in the metallic surface with intensity Ii-SPP. Here, Ii-SPP is the intensity of diffractive wave at 
ith nano-aperture. The SPPs can propagate along of the periodic structures and the surface of the metallic films with a 
phase modulation [20]. This manner, a constructive interference of such diffracted beams leads to the focusing effect at a 
certain point on the beam axis [23]. Thus, modifying the h parameters the diffracted beams can be manipulated resulting 
in an enhancement of Ii-SPP in periodic array, then, the observed increasing is attributed to a constructive interference of 
such diffracted beams, allowing a strong focusing in the nano-holes, increase the intensity emission of the Er
3+
 ions 
(
4
F9/2→
4
I15/2), just for h = 250 nm. However, for the 
4
S3/2→
4
I15/2 transition was observed a decrease proportional to h, 
Figure 4(a). The 
4
S3/2→
4
I13/2 electronic transition is an indirect transition which is improvement due to negative-
nanobowtie in comparison with the 
4
I9/2→
4
I15/2 (Figure 4(b)), see Figure inset shows the emission spectra of the TEr 
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substrate. This improvement is practically for all the periodic nano-aperture with exception h = 50 nm. Therefore, the 
intensity emitted from the periodic nanostructure depends also on the h of the nanobowtie (array elements are fixed) and 
is not directly proportional due to the different processes of interaction between the nanohole and the retard effects at the 
different interfaces (air-metal and, glass-metal), and when this is near the asymmetric point (see Figure 3(a)) we obtains 
a emission quenching, Figure 4(a). 
The excitation and emission of the Er
3+ 
ions were obtained through of the so-called extraordinary optical transmission of 
excitation and emission light, respectively, via these nano-apertures array. In this way, metallic nanostructures sustaining 
surface plasmons can excite and change the emission properties of the Er
3+
 ions. 
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(b) 
Figure 4. Microluminescence spectra the periodic negative-nanobowtie, (a) visible region {500-750 nm}, and (b) 
near-infrared region {750-900 nm} the Er3+ electronic transitions. Figure inset shown the luminescence spectrum 
of the TEr substrate. 
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 4. CONCLUSIONS 
We have developed sources in the visible near-infrared region from a two dimensional plasmonic array onto an Er
3+
-
doped tellurite glass excited under continuous and localized diode laser beam at 488 nm. This was possible through the 
modes coupling of the localized surface plasmons polariton at the two interfaces metal-air and metal-tellurite glass, 
created from the periodic nanostructure. Thus, waves propagating in two dimensions can be improved when the glass 
substrate is a gain medium. However, the emission intensities are not improvement in the visible region, contrary in the 
near-infrared region, due to the asymptotic energy gap between the localized surface plasmon polariton modes and the 
ion spectral position, which couple strongly with the 
2
H11/2
4
I15/2 radiative emission of the Er
3+
 in comparison with the 
others transitions radiative. However, the 
4
S3/2→
4
I13/2 is improvement due to negative-nanobowtie in comparison with the 
4
I9/2→
4
I15/2 the emission spectra of the TEr substrate. 
Finally, we can say that this plasmonic nanostructure milling on Er
3+
-doped tellurite glass enables us to study 
experimental the quantum-plasmonic interaction, and the realization of nano-device for photonics. 
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